ABStRACt. the polar bear (Ursus maritimus) is considered an indicator species of ecosystem health because of its longevity, life-history requirements, reliance on sea ice (i.e., sea ice obligate), and position in the Arctic food web. Polar bear distribution and habitat association should both be reliable signals for environmental perturbation, as the bears respond behaviorally to changes in sea ice extent, the timing and duration of ice formation, and ablation. Polar bears and sea ice conditions were monitored as part of the annual fall bowhead whale (Balaena mysticetus) aerial survey in the Alaskan Beaufort Sea between 1979 and 2005. Habitats associated with polar bear sightings changed during the study, with fewer bears associated with ice (irrespective of ice type and percent) and more bears associated with land and open water. Large-scale differences were documented for both ice type and percent ice cover, particularly in September. In general, the pattern in September (and to a lesser extent in october) included a reduction in old ice and a concomitant increase in open water. In addition, there was an eastward and landward shift in polar bear sightings. From 1979 to 1987, polar bears were observed primarily on ice along the shelf break near Barrow, whereas from 1997 to 2005, polar bears were observed on barrier islands or along the mainland coast near Kaktovik. the changes in polar bear distribution and habitat association appear to reflect a behavioral response by polar bears to changes in ice (type and percent cover) and in the timing of ice formation and ablation.
IntRoDUCtIon
A number of predictions have been advanced regarding potential effects of climate change on Arctic-adapted biota (ACIA, 2004; Derocher et al., 2004; Laidre et al., 2008) . the general patterns proposed suggest range contractions for a number of species whose life histories are closely linked with sea ice; at the same time, as sea ice retreats and temperatures increase, range expansions are expected to occur for a number of sub-Arctic species (tynan and DeMaster, 1997; Simmonds and Isaac, 2007; Laidre et al., 2008; Moore and Huntington, 2008) . Changes that affect the base of the Arctic food web, such as variability in the distribution, abundance, and seasonality of under-ice algae, and their resulting bottom-up effects, will be the most dramatic (Hunt et al., 2002; Fraser and Hofmann, 2003; Grebmeier et al., 2006) . Using models that linked satellite-derived sea ice data with chlorophyll and a primary productivity algorithm, Arrigo et al. (2008) estimated that primary production in the Arctic increased annually by 27.5 tg of chlorophyll per year, with 30% of the increase attributed to decreased minimum summer sea ice extent and 70% to a longer phytoplankton growing season. Any additional loss of ice during Arctic spring could more than triple the 1998 -2002 levels of primary productivity, potentially altering marine ecosystem structure (Arrigo et al., 2008) . Ringed seals (Phoca hispida), bearded seals (Erignathus barbatus), and also polar bears (Ursus maritimus) are considered ecosystem sentinels because of their reliance on sea ice and position in the Arctic food web. Polar bears in particular are often cited as the quintessential species for Arctic impacts due to climate change (norris et al., 2002; Stirling and Derocher, 2007; Moore, 2008; Wiig et al., 2008) . In addition to their position in the food web, polar bears are also considered an indicator species in the Arctic because they are sea ice obligates. they are dependent on sea ice as a platform from which to locate and access their primary prey, the ringed seal, and also as a substrate for travelling to find mates and suitable den sites (Ramsay and Stirling, 1988; Garner et al., 1990; Stirling and Derocher, 1993; Stirling, 2002) .
Global circulation models (GCM) generally predict earlier onset of melt, delayed onset of freeze-up, and subsequent thinning of Arctic ice cover as consequences of increasing temperatures (Comiso, 2005; Holland et al., 2006; Serreze et al., 2007) . Comiso (2002) showed that from 1978 to 2000, the extent of multi-year ice cover (includes open water within perennial ice) declined by 6.5% per decade, and its area (ice alone) by 8.9% per decade. In 2007, perennial ice cover reached the lowest extent recorded during the satellite era, and in 2008 both extent and area measures were among the lowest recorded (Maslanik et al., 2007; Stroeve et al., 2007 Stroeve et al., , 2008 . one implication of this retreat in multi-year ice is that the proportion of multi-year ice floes decreases, whereas the proportion of seasonal ice floes increases, with an overall reduction in average thickness and ice cover that makes ice more susceptible to summer melt (Laxon et al., 2003; Comiso, 2005) . the most rapid retreat in multi-year ice has occurred in the Beaufort Sea region, where the summer melt period has increased at a rate of 13.1 days per decade (Comiso, 2002 (Comiso, , 2003 (Comiso, , 2005 .
Adverse impacts on polar bears due to advanced break-up of sea ice in the spring or later onset of sea ice in the fall have been documented for several polar bear populations (obbard et al., 2006; Stirling and Parkinson, 2006; Regehr et al., 2006 Regehr et al., , 2007a Rode et al., 2007) . For example, Stirling et al. (1999) determined that polar bears in western Hudson Bay came ashore earlier and in poorer condition in 1998 than in 1981; they also documented declines in natality during this period. Recent studies of the Southern Beaufort Sea polar bear population have documented similar links between the length of time when ice is present over the continental shelf and bear survival, size, and body condition (Regehr et al., 2007a; Rode et al., 2007) . Cherry et al. (2008) , comparing blood serum as a physiological biomarker for fasting in polar bears in the eastern Beaufort Sea, documented a dramatic increase in the proportion of fasting bears (from 9.6% in 1985 and 10.5% in 1986 to 21.4% in 2005 and 29.3% in 2006) . the increased number of fasting bears of all age, sex, and reproductive classes corresponded with large-scale changes in Arctic sea ice conditions (Cherry et al., 2008) . these studies suggest that a primary mechanism by which sea ice changes affect polar bear populations is via reduced opportunities to forage on preferred prey associated with spatio-temporal reductions in sea ice cover (see also Stirling and Derocher, 1993; Stirling and Øritsland, 1995; Derocher et al., 2004) . However, another potentially important effect of reduced sea ice is direct mortality of polar bears associated with long-distance swimming in open water (Monnett and Gleason, 2006) .
Identifying the responses of polar bears to changing ice conditions requires long-term data sets, which are rare for the 19 populations. on the basis of more recent reports on sea ice conditions (Durner et al., 2004; Fischbach et al., 2007) and polar bear sightings during surveys in September and october (this study, see also Schliebe et al., 2008) , we hypothesized that sea ice conditions have changed, and that polar bear distribution and habitat association should reflect those changes. the present study examined opportunistic polar bear sightings from long-term (1979 -2005) fall (Sept-oct) bowhead whale (Balaena mysticetus) surveys in the Alaskan Beaufort Sea. the objectives were to (1) assess inter-and intra-annual variation in ice types and percent ice cover in the Alaskan Beaufort Sea, (2) describe temporal variation in habitats associated with polar bear sightings, including ice types and percent ice cover, and (3) assess inter-and intra-annual variation in polar bear distribution and relate observed patterns to changes in sea ice conditions.
MetHoDS

Study Area and Survey Protocol
Surveys included a set of randomly chosen transects within established geographic blocks in the Beaufort Sea off the north Alaskan coast (Fig. 1) . the eastern boundary of the study area is a line that intersects the coast west of Herschel Island, yukon, Canada (140˚ W) and extends north to roughly 72˚ n. the western boundary line intersects the coast just west of Barrow, Alaska (156˚ W), also extending north to about 72˚ n. the sea ice environment is a dynamic system composed of a variety of ice types that form masses varying in thickness, composition, and structure. In general, the greatest areal extent of ice in the Beaufort Sea occurs from november through May, and the greatest areal extent of open water and maximum retreat of pack ice occur in August and September Fig 1.1 and table 1 .2). Ice composition, which varies inter-and intra-annually, is strongly influenced by the combined effects of currents, winds, and temperatures, with thickness varying from just a few centimeters for new landfast ice up to several meters or more for older pack ice Reimnitz et al., 1978; thorndike and Colony, 1982; norton and Weller, 1984) . the general pattern of annual ice drift in the region consists of the Beaufort Gyre, a clockwise or anticyclonic circulation in the Beaufort Sea of the Canadian Basin, with multi-year ice moving away from the Siberian coast and eventually exiting through Fram Strait (Aagaard and Carmack, 1989) . Ice ridging within the Alaskan Beaufort Sea appears to vary spatially, with ridging greatest in the eastern portion of our study area near Barter Island : Fig.  1.20) . Ice dynamics also may affect polar bear distribution and habitat association. During the fall open-water period, for example, rapid deterioration of sea ice often results in a rather abrupt, short-term increase in the number of polar bears onshore along the north coast of Alaska (Durner et al., 2004; Schliebe et al., 2006 Schliebe et al., , 2008 .
Annual fall surveys for marine mammals in the Alaskan Beaufort Sea took place from late August to late october, during periods of open water, landfast ice formation, and pack ice encroachment, between 1979 and 2005 (Monnett and treacy, 2005) . While the focus of these surveys was to determine the migration corridor and timing of migration for bowhead whales, sightings of all marine mammals were recorded (treacy et al., 2006) . A sighting represented the location of the aircraft relative to a polar bear at the time the bear was initially spotted and not the actual location of the polar bear. Also, sightings may reflect more than one animal since in some cases several bears were observed at one location. Surveys during 1979-86 were conducted from a Grumman turbo Goose (Model G21G) equipped with a Global navigation System 500 (Ljungblad et al., 1986) . Since 1987, surveys have been done using a de Havilland twin otter Series 300 aircraft equipped with a local Garmin ™ III Global Positioning System (GPS). Surveys were generally flown at a target altitude of 457 m and a ground speed of approximately 200 -250 km/h. Local weather patterns (wind, precipitation, and fog) affected the timing, frequency, duration, and often effectiveness of all marine mammal surveys. Surveys were aborted when cloud ceilings were consistently below 305 m or when sea state was consistently above Beaufort 4 (Chapman, 1977) . In general, from the survey's inception, every effort was made to ensure nearly complete coverage of the entire study area each year (Minerals Management Service, unpubl. data). A more detailed description of survey methodology can be found in Monnett and treacy (2005) .
three general types of surveys were used: (1) "on transect" surveys of random transects 30 min of longitude wide and oriented north-south, which varied in length depending on start and end points, (2) "on search" surveys flown to and from transect start and end points that did not follow a predetermined plan, and (3) "on connect" surveys, which linked one transect leg to the next transect leg. Within a given year, decisions related to whether, when, and where to fly were largely driven by local weather patterns, personnel safety concerns, and availability of remaining open water.
our survey methods may have underrepresented the total number of polar bears present in the survey area as a result of the distance between transects and the altitude of survey flights (457 m) McDonald et al., 1999; evans et al., 2003) . Among-observer differences in ability to discriminate polar bears from waves, snow and ice, coupled with inter-and intra-annual variation in survey effort and local weather conditions, also may have influenced the number of polar bear sightings. Furthermore, we had no way to account for variation in search effort or detectability either within a habitat or among habitats "sampled" along random transect lines. the survey targeted open-water habitat, but also included some unknown proportion of all habitats (sea ice, open water, land) available to polar bears. We may have underestimated the number of polar bear sightings associated with sea ice assuming this habitat type was available (table 1) . However, it was never our intent to quantify habitat use per se, or to infer habitat-use decisions, either "preference" or "selection" (Johnson, 1980; Arthur et al., 1996; thomas and taylor, 2006) . We did not attempt to correct for polar bears potentially missed during surveys; however, the bias thus introduced should be a minor concern, since we were not attempting to derive density or population estimates (see eberhardt, 1978; Burnham et al., 1980) .
Analytical Methods
Initially, all records of polar bears observed during fall surveys from 1979 to 2005 were selected using an interface between ArcGIS Version 8. 3 (eSRI, 1999) and Bowhead Whale Aerial Survey Project (BWASP) software (MicroSoft ™ ACCeSS 97). Habitat category was assigned for empty cells within the database (primarily for the period 1979-91) by using ArcGIS to plot individual locations. these "points" included latitude-longitude, date, and a combination of ice type and percent ice cover. Canadian Ice Service (CIS, environment Canada, ottawa; cf. Durner et al., 2004) maps generated on or about 15 September of each year allowed a further discrimination of polar bear sightings offshore into either "on ice" or "open water." Habitat was not assigned when additional information contained within the record did not allow interpolation or when point locations, CIS map interpretation, and information contained for a given sighting were incongruent. the "open water" habitat was re-assigned to records only when ice type was recorded as either "no ice" or "grease/new," when ice cover was less than 25% (most often 0%), and when the point location occurred far enough from land to eliminate it as a potential habitat (Monnett and Gleason, 2006) .
Fine-scale assessments of ice conditions were done using information assigned for each polar bear sighting, including ice type and percent ice cover. At the time a polar bear was observed, ice type was assessed by the most experienced observer and originally classified into one of the following categories: pack, pack-floe, broken floe, floe, broken-new floe, new-broken floe, grease, frazil, landfast, lead, or no ice. Ice type was reclassified into three broad categories; old ice (pack, pack-floe, broken floe, floe, broken-new floe, new-broken floe, lead), new ice (frazil, grease/new, and landfast), and no ice. Reclassification of ice types generally follows methods described by Durner et al. (2004: table 1) . Also, at the time a polar bear was observed, percent ice cover was estimated by both observers and averaged to the nearest whole percent. the estimate represented a relative assessment of ice cover within viewing distance (inclinometer of 60˚) from the aircraft. Because percent ice cover estimates resulted in a bimodal distribution (large number of observations at 0% and above 95%) of ice cover observations, three ice cover categories (less than 25%, 25 -75%, and more than 75%) were used.
to assess inter-and intra-annual variation in ice types and percent ice cover in the Alaskan Beaufort Sea, we created two 50 × 50 km polygons in ArcGIS (ArcMap; eSRI, 1999), one centered roughly 10 km north of Barrow and another centered roughly 10 km north of Kaktovik, using the north American Datum 1983 UtM zone 6n coordinate system. ArcMap was used to query the BWASP database for sea ice cover percents estimated during annual surveys, which were used to generate percentage estimates for both months pooled (Sept and oct only) within years (1979 -87) , (1988 -96), and (1997 -2005) for each of the 50 × 50 km blocks (see below).
Contingency analysis (Pearson chi-square; SPSS Inc., 2001) was used to assess large-scale variation in ice type and percent ice cover categories within the 50 × 50 km blocks separately for each area (Barrow and Kaktovik), month (September and october), and year range (1979 -87, 1988 -96, 1997 -2005) . Contingency analysis was also used to assess temporal variation in frequency of observations relative to ice type, percent ice cover, and habitat categories (ice, land, and water) associated with individual polar bear sightings. only two categories were considered for percent ice cover classes associated with polar bear sightings-less than 50% and 50% or more ice cover (2 × 3 contingency tables)-because 50% ice cover has previously been considered the point at which polar bears abandon ice for land (Stirling et al., 1999) , and more than 50% ice cover is the preferred habitat used by polar bears in the southern Beaufort Sea in the summer and fall (Durner et al., 2004) . For all comparisons, observations were assigned to one of three year-groups; early (1979 -87), mid (1988 -96) , and late (1997 -2005 ). An a priori decision was made to partition the dataset into three groups (nine years each) that roughly reflected the stages in changing sea ice conditions during the study, from more heavy ice conditions in 1979 -87 to more open-water conditions in 1997 -2005 (treacy et al., 2006) .
We used a univariate analysis of covariance (AnCoVA) to test for effects of year (main effect), Julian date (hereafter date; covariate), and their interaction. We tested separately for latitude and longitude as response variables. For this analysis, we considered only those polar bear sightings that occurred on connect and on transect rather than all sightings to reduce potential bias associated with polar bear sightings while on search. Also, to minimize concerns that survey effort might unduly influence results, we assessed potential change in survey effort over time using linear regression for both survey types (on transect and on search). We were able to include data only for surveys flown from 1987 to 2005 because surveys before 1987 included multiple aircraft, searches outside the boundaries defined in this study (Blocks 1 -12, see Fig. 1 ), or surveys in which time (rather than distance) was used as a metric of effort.
type III sums of squares were used to evaluate significance of effects in polar bear distribution models. A Bonferroni adjustment to account for multiple comparisons was used to define significance level (p = 0.025) for AnCoVA models, and similarly, a more conservative alpha level of p = 0.01 (p = 05/3) was used for contingency analyses to guard against committing a type I error (Johnson, 1998) . For all contingency analyses, expected values were generated using the equation C e = R* C/N, where C e represents the expected cell value, R is the expected mean row total associated with that cell, C is the expected mean column total associated with that cell, and N represents the number of comparisons or columns. this approach seemed reasonable given the large differences in observed frequencies (Agresti, 2002) . Given the retrospective nature of this observational study, we caution that the findings should not be considered definitive, nor should cause-effect be inferred (Williams et al., 2002) . Values reported in figures and tables represent proportions rather than original frequencies used in the contingency analyses.
ReSULtS
Polar Bear Sightings and Survey Effort
In total, 329 polar bear sightings representing 877 polar bears were made during fall (September-october) surveys in the Alaskan Beaufort Sea from 1979 to 2005 (Fig. 2 on average, survey effort can be divided roughly as follows; 48% on transect, 43% on search, and 9% on connect. Survey coverage was limited in most years for the more northerly blocks, in particular blocks 7 -10 (Fig. 1) . the heavy weighting of the survey effort toward the innermost blocks (1 -6 and 12) was due to an emphasis on monitoring fall bowhead whale migration patterns in relation to offshore oil and gas activities. In general, there has been an increase in the proportion of bears sighted on search, but this difference does not appear to be a function of annual variation in effort on search (Monnett and Gleason, 2006 : table 1). there was a slight (F = 4.25, df = 1, 17; p = 0.05) increase in on-transect effort, but on-search effort showed no trend (F = 0.86, df = 1, 17; p = 0.36).
Inter-and Intra-annual Variation in Ice Conditions and Habitats Associated with Polar Bears
temporal variation in ice types (old ice, new ice, or no ice) was evident from ice observations within the two 50 × 50 km ice survey blocks located offshore from Barrow and Katovik (table 1) . Ice types differed in the three time periods at both locations. near Barrow, September had no new ice in any of the time periods, but considerable variation in proportions of old ice and no ice (χ 2 = 118.27, df = 4, p < 0.01), while october showed variation in all three ice types (χ 2 = 48.34, df = 4, p < 0.01). near Katovik, differences were also found for both September (χ 2 = 149.59, df = 4, p < 0.01) and october (χ 2 = 55.19, df = 4, p < 0.01). At both locations, open water was encountered more frequently and old ice encountered less frequently during 1997 -2005 than during the previous two periods.
Percent ice cover (i.e., < 25%, 25 -75%, > 75%) differed in September (χ 2 = 76.97, df = 4, p < 0.01) and october (χ 2 = 24.44, df = 4, p < 0.01) near Barrow. near Kaktovik, percent ice cover also differed in both September (χ 2 = 200.20, df = 4, p < 0.01) and october (χ 2 = 35.38, df = 4, p < 0.01) ( Table 1) .
Polar bear sightings associated with ice types differed among years in both September (χ 2 = 130.26, df = 4, p < 0.01) and october (χ 2 = 49.04, df = 4, p < 0.01) (Fig. 3a,  b) . During September, sightings associated with old ice accounted for 88% , 61% (1988 -96), and 8% (1997 -2005) of all polar bear sightings (Fig. 3a) . In 1997 -2005, 90% of sightings were associated with no ice, compared to only 12% of sightings in 1979 -87 (Fig. 3) . the greater proportion of polar bear sightings associated with ice in october reflects the presence of more ice; however, despite the increased availability of ice in october, 31% of sightings occurred in ice-free conditions during 1997-2005 (Fig. 3b) . For both September (χ 2 = 81.06, df = 2, p < 0.01) and october (χ 2 = 22.12, df = 2, p < 0.01), there were differences in polar bear sightings over time related to percent ice cover (< 50% vs. ≥ 50%) (Fig. 3c, d ). For September, sightings associated with less than 50% ice cover in 1997 -2005 numbered ten times those observed in September 1979 -87 and nine times those in September 1988 -96 (Fig. 3c) . For october, sightings associated with less than 50% ice cover were 38% for 1997 -2005 compared to only 22% for 1979 -87 and 2% for 1988 -96 (Fig. 3d) .
the habitats associated with polar bear sightings (ice, land, or open water; Fig. 3e , f) also differed over time for both September (χ 2 = 124.28, df = 4, p < 0.01) and october (χ 2 = 53.32, df = 4, p < 0.01). For the first two time periods (1979 -87 and 1988 -96) , the proportions of habitats associated with sightings were similar for both September and october. However, a major shift to land-based polar bears occurred in the final period, 1997 -2005 (Fig. 3e, f) .
Inter-and Intra-annual Variation in the Distribution of Polar Bear Sightings
Included in this analysis were 135 sightings of 246 polar bears on transect and on connect. Latitude (adjusted model R 2 = 0.648) of polar bear sightings varied as a function of year (F = 3.93, df = 16, 39; p < 0.01) and the yeardate interaction (F = 3.90, df = 16, 39; p < 0.01), but date was not important (F = 0.63, df = 1, 39; p = 0.43) (Fig. 2) . Parameter estimates (± Se) for year (β = -3.23 ± 0.62) and date (β = +0.93 ± 0.32) indicate that the latitude of sightings declined (shifted toward the south) relative to year, but increased (shifted toward the north) as a function of date within year. Longitude (adjusted model R 2 = 0.579) of polar bear sightings also varied as a function of year (F = 4.43, df = 16, 39; p = 0.01) and the year-date interaction (F = 4.49, df = 16, 39; p = 0.01), but date was not important (F = 2.78, df = 1, 39; p = 0.09) (Fig. 2) . Parameter estimates for year (β = -14.67 ± 5.18) and date (β = +10.64 ± 2.70) indicate that longitude of sightings declined (shifted toward east) relative to year, but increased (shifted toward west) as a function of date within year.
DISCUSSIon
We documented a change in habitat associated with polar bear observations (Fig. 3 ) from bears associated with ice to bears found almost exclusively on the barrier islands, on the mainland coast, or in the water (this study; see also Monnett and Gleason, 2006) . During the same period, we documented significant changes in both ice type and percent ice cover available to polar bears within the study area (table 1) . In general, there has been a decrease in old ice and a concomitant increase in open water. Similarly, there has been a decrease in "heavy" ice conditions (> 75% ice) and a subsequent increase in "light" ice conditions (< 25%; primarily 0% ice) associated with polar bear sightings over the same interval. Results from the sea ice analysis presented in this paper are supported by recent empirical research using satellite ice imagery (Maslanik et al., 1999; Comiso, 2002; Rigor and Wallace, 2004; overpeck et al., 2005; Lindsay and Zhang, 2005) .
the minimum areal extent of sea ice has been documented since 1998, and new record lows were reached in every year from 2002 to 2005 (Maslanik et al., 1999; Stroeve et al., 2005) , and again in (nSIDC, 2008 . Rode et al. (2007) documented declines in bear size, body mass, and cub survival and determined that at least some of those changes were associated with the increase in duration of the open-water season. Regehr et al. (2007a) documented declines in survival of adult females and cubsof-the-year during recent years with longer ice-free periods (2000 -05). Further, Regehr et al. (2007b) documented an increase in the number of days within a year that are considered "ice-free" (defined as < 50% ice cover); the overall annual mean number of ice-free days increased by 16.7 days from 1979 to 2006.
A within-season south-to-north shift in polar bear distribution was also documented during our study. Sightings in September tended to be concentrated in the nearshore tABLe 1. Variation in ice types and ice cover percentages estimated from fall (September and october) aerial surveys summarized within 50 × 50 km blocks overlain in ArcGIS and centered 10 km offshore from Barrow and Kaktovik, Alaska, 1979 Alaska, -2005 environment, particularly in recent years, whereas sightings in october generally occurred farther offshore. It is likely that polar bears on land in September moved onto the ice as soon as it became available as a suitable substrate from which to access ringed seals (Amstrup, 2000; Amstrup et al., 2000; Durner et al., 2004) . north-south and south-north seasonal movements were demonstrated by Amstrup et al. (2000) for radio-collared female polar bears in the Beaufort Sea, and the bears' movements were correlated to patterns of ice formation and disintegration ; see also Gloersen et al., 1992 : Fig. 3.1 ). An interannual shift in the distribution of polar bear sightings in the Alaskan Beaufort Sea was also documented (Fig. 2) . From 1979 From -87 to 1997 From -2005 in the west declined and sightings in the east increased. the largest aggregations (> 20 animals) of polar bears documented were observed in the eastern portion of the study area, and only one of those sightings occurred during 1979 -87 (9 october 1981) . nearly all sightings of large aggregations were directly associated with the presence of bowhead whale carcasses. other aggregations of 10 or more animals also occurred more frequently in the east during 1997 -2005, with single sightings of more than 10 animals near Deadhorse (Cross Island) and Barrow (Barrow Spit). In addition, survey data suggest that bowhead whale carcasses are concentrating large numbers of polar bears during the fall near the native community of Kaktovik (Brower et al., 2002; Miller et al., 2006; Schliebe et al., 2008) . to our knowledge, no data exist indicating that the number of bowhead whale carcasses available to polar bears has increased over time or changed spatially from west to east on land (i.e., since the 1970s; see Koski et al., 2005) . the increasing number of bears sighted during our study is supported by both anecdotal reports of increased bear visits in the vicinity of oilfields (Amstrup, 2000; Perham, 2005) and results of recent nearshore polar bear surveys conducted from the Canadian border to Barrow (Schliebe et al., 2008) . the large number of sightings along the mainland coast and on barrier islands, and particularly of swimming bears near Kaktovik (and to a lesser extent near Deadhorse), appears to be a recent phenomenon ). there appears to be an increase in the number of land-denning polar bears in the Beaufort Sea with ca. 80% of the dens located in just 23% of the available habitat, primarily in the northeast corner of Alaska (Amstrup and Gardner, 1994; Amstrup, 2000; Fischbach et al., 2007) . this shift in distribution and habitat use by denning female polar bears (from dens located primarily on sea ice to dens located primarily on land) may at least partially account for the west-to-east shift observed in our study. In addition to the presence of bowhead whale carcasses, high densities of ringed seals may also contribute to the west-to-east shift in polar bear distribution (Schliebe et al., 2008) . Frost et al. (2004) documented the highest density of ringed seals from spring aerial surveys at ca. 144˚ W, roughly from Kaktovik to Flaxman Island (Fig. 1) . though the evidence is somewhat equivocal, ringed seal sighting data from fall aerial surveys suggest a higher frequency of sightings and larger groups of ringed seals in the eastern portion of the study area, particularly in September, during more recent years (2000 -05) (Minerals Management Service, unpubl. data). Schliebe et al. (2008) documented that southern Beaufort Sea polar bear distribution on land was correlated with distribution of bowhead whale carcasses and ringed seal density offshore.
Polar bear sightings increased during this study, which may represent an increasing reliance on barrier islands and the Alaskan north coast as habitat due to recent changes in sea ice conditions. In the Canadian Arctic, Stirling and Parkinson (2006) noted an increase in the number of polar bears reported on land by residents of coastal communities; however, they warned against interpreting this increase in reports as evidence for actual population increases. Rather, they suggested an interpretation similar to ours: that the apparent increase was most likely a result of changing distribution associated with sea ice conditions (see also Schliebe et al., 2008) .
Because of its longevity and timing, this study provided a unique framework for assessing potential change in sea ice conditions and describing distribution and habitat association of polar bears in the Alaskan Beaufort Sea during the fall. We understand that the statistical methods used are not the most robust for modeling a suite of complex factors (main effects, covariates, and interactions) that act simultaneously or interact to explain polar bear habitat use, habitat selection, or habitat preference, but that was not our intent. Rather we employed a straightforward approach to describe variability in sea ice and concomitant changes in polar bear distribution and their associated habitats at a relatively large spatiotemporal scale. We have no way to account for detectability issues that may have varied among years, among observers, or among habitats. We further recognize that detection probability is almost certainly higher on land and in open water than on sea ice, and that large groups of bears are easier to detect than individuals. We attempted to "control" for these differences in our analysis, but we recommend that our habitat association results be interpreted with caution.
observations from our study confirm reductions in ice availability reported from studies using remotely collected ice imagery data. our results suggest that polar bear habitat associations have changed as a result of reductions in ice availability and that, in particular, more bears are occurring on land and in open water during the fall (Septemberoctober). our results and more recent research on polar bears in the Alaskan Beaufort Sea Monnett and Gleason, 2006; Regehr et al., 2006 Regehr et al., , 2007b Fischbach et al., 2007; Hunter et al., 2007; Rode et al., 2007; Schliebe et al., 2008) suggest changes in polar bear distribution, habitat use, and behavior associated with large-scale habitat changes (i.e., loss and fragmentation of sea ice). the eastern Alaskan Beaufort Sea, including the nearshore (barrier islands) and onshore environment, seems to be attracting larger numbers of polar bears than it did historically (Amstrup, 2000 ; this study). these habitat changes have occurred over a short time frame (ca. 30 -40 yrs). the increased proportion of polar bear sightings associated with land and open water in our study has implications for management agencies that deal with polar bear-human interactions. Increased use of land by bears is likely to result in increased interactions between polar bears, industry, and native communities along the Alaskan Beaufort Sea coast. It may be that polar bears, predominantly females with dependent offspring Schliebe et al., 2008 ; this study), use a readily available and relatively constant (in time and space) food source such as bowhead whale carcasses in September and october to supplement their diets because of their high energetic demands prior to moving onto the sea ice in late fall (Bentzen et al., 2007) . Such a predictable and readily available high-fat food source presumably has positive long-term reproductive or survival consequences; however, it may negatively affect survival of females and their dependent offspring in the short term if the presence of whale carcasses increases the potential for intra-and inter-specific aggressive encounters or bearhuman interactions that ultimately result in the "take" of problem bears (Amstrup, 2000; Brower et al., 2002; Miller et al., 2006) . Concentrations of polar bears attracted to bowhead whale carcasses were identified as a major management concern for the Southern Beaufort Sea polar bear population (Perham, 2005) .
the extent of oil and gas activities and development on the southern Beaufort Sea coast continues to increase, and the timing of much activity overlaps with the fall openwater period when bears come to land or are increasingly found in open water. While mitigation measures in place have attempted to minimize impacts to polar bears from industry activities (vessel traffic, seismic operations, and other development-related interactions) in open water, until now it has been mostly assumed that potential impacts of industry on polar bears in open water would be negligible. Results from this study suggest that the frequency of interactions between industry and polar bears during the fall may increase in the future, and that future environmental impact statements, environmental assessments, and Section 7 consultations related to offshore oil and gas activities (e.g., consultations between the U.S. Minerals Management Service and the U.S. Fish and Wildlife Service on oil and gas activities in federal waters relative to polar bears) need to take into account the increasing numbers of polar bears on barrier islands, along the mainland coast, and in open water (Stirling, 1988 (Stirling, , 1990 Durner et al., 2000 ; this study). We believe it is imperative that decision-makers recognize the importance of this new information in light of a changing Arctic sea ice environment.
